Background: The influence of common disturbances seen in preeclampsia, such as changes in strong ions and weak acids (particularly albumin) on acid-base status, has not been fully elucidated. The aims of this study were to provide a comprehensive acid-base analysis in severe preeclampsia and to identify potential new biological predictors of disease severity. Methods: Fifty women with severe preeclampsia, 25 healthy non-pregnant-and 46 healthy pregnant controls (26-40 weeks′ gestation), were enrolled in this prospective case-control study. Acid-base analysis was performed by applying the physicochemical approach of Stewart and Gilfix. Results: Mean [] base excess was similar in preeclamptic-and healthy pregnant women (−3.3 [2.3], and −2.8 [1.5] mEq/L respectively). In preeclampsia, there were greater offsetting contributions to the base excess, in the form of hyperchloraemia (BE (Cl) −2 [2.3] vs −0.4 [2.3] mEq/L, P<0.001) and hypoalbuminaemia (BE (Alb) 3.6 [1] vs 2.1 [0.8] mEq/L, P<0.001). In preeclampsia, hypoalbuminaemic metabolic alkalosis was associated with a non-reassuring/abnormal fetal heart tracing (P<0.001). Quantitative analysis in healthy pregnancy revealed respiratory and hypoalbuminaemic alkalosis that was metabolically offset by acidosis, secondary to unmeasured anions and dilution. Conclusions: While the overall base excess in severe preeclampsia is similar to that in healthy pregnancy, preeclampsia is associated with a greater imbalance offsetting hypoalbuminaemic alkalosis and hyperchloraemic acidosis. Rather than the absolute value of base excess, the magnitude of these opposing contributors may be a better indicator of the severity of this disease. Hypoalbuminaemic alkalosis may also be a predictor of fetal compromise.
Introduction
Preeclampsia is a major cause of maternal mortality worldwide 1 and is characterized by multi-organ involvement leading to acute and long-term morbidity of mother and newborn. 2 3 In early onset preeclampsia (<34 weeks gestation), expectant management is usually attempted, and fetal lung maturation with a course of 48 h steroids is standard of care. 4 To date, there are few specific biochemical predictors of disease severity, or criteria to guide clinicians in their decision to offer expectant management vs prompt delivery. Management is mostly guided by expert opinion-based guidelines. 5 In other clinical arenas, acid/base measures have been powerful tools in predicting outcomes. [6] [7] [8] However, studies evaluating acid-base imbalances in preeclamptic women are scarce, and to our knowledge no comprehensive analysis of independent factors determining acid/base status has been performed. In a previous study, Dyer and colleagues 9 found a mean arterial base excess (BE) of −6.6 [2.8] mEq/L in preeclamptic women undergoing urgent Caesarean delivery for a non-reassuring fetal heart trace, which is greater than the base excess described in healthy pregnancy. This might indicate maternal abnormalities of acid-base status in preeclampsia. As in previous investigations on acid-base status in preeclampsia, these authors focused mainly on describing plasma pH, HCO 3 , base excess (BE) or the anion gap (AG). [10] [11] [12] Although sufficient to simply describe an alteration in acid/base status in uncomplicated patients, in critically ill patients simultaneous acid/base derangements may offset each other and ultimately lead to a minimally deranged pH, HCO 3 , BE and AG. [13] [14] [15] [16] Thus conventional analysis may overlook important and informative pathologic processes. A quantitative physicochemical approach analyses the difference in strong plasma cations and anions, the concentration of weak acids (mainly albumin and phosphate), and the P 2 . [17] [18] [19] By applying this approach, multiple severe acid-base disorders have been demonstrated in various disease processes, despite normal pH and BE. 13-15 20 21 As changes in albumin, volume status, and sodium or chloride homeostasis are common in preeclampsia, 1 we hypothesized that they significantly alter acid-base status, but may go unrecognized because of offsetting effects. Therefore, the primary aim of this study was to analyse acid/base balance in women with severe preeclampsia, by applying the physicochemical methods of Stewart 17 and Gilfix.
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The secondary aim was to identify potential biological predictors for adverse maternal and neonatal outcomes.
Methods
After approval by two institutional Human Research Ethics Committees, and written informed consent, women diagnosed with severe preeclampsia were enrolled in this prospective case control study. After informed consent, a blood specimen was drawn at the time of diagnosis, as soon as possible after admission. Blood draws were repeated before delivery in women diagnosed with early onset disease. A second blood sample was obtained at the time of the decision to start induction of labour or to undergo Caesarean delivery, if this was more than 24 h after the initial blood sample was obtained.
Recent evidence showing good correlation between arterial and venous metabolic acid-base status, 23 Therefore, and in order to reduce parturients' discomfort, it was decided to use venous blood gas data for the analysis. Antenatal management was according to the established protocol of the local institutions at UCT. At the time of diagnosis of severe preeclampsia, seizure prophylaxis was administered, consisting of magnesium sulphate administered as a loading dose of 4 g i.v., followed by 1 g/h i.v. Magnesium sulphate dissolved in 0.9% normal saline and administered at a rate of 50 ml/ h, after the loading dose in a 200 ml bolus. Preeclamptic women were otherwise fluid restricted. Blood pressure was managed according to a standardized protocol, using alpha-methyldopa, nifedipine or dihydralazine, and fetal cardiotocography (CTG) was interpreted according to the guidelines of the Royal College of Obstetricians and Gynaecologists. 25 Combining Stewart's principle and the traditional approach in acid-base interpretation, which uses BE to summarize a patient's net metabolic acid-base state, Gilfix 19 sequentially quantified the contribution of plasma dilution/concentration, and changes in chloride, albumin, lactate and unmeasured anions on net BE:
Accordingly, BE is defined by five subsets: (1) changes in free water (=BE (Na) ), (2) changes in Cl − relative to sodium concentrations (=BE (Cl) ), (3) changes in albumin concentration (=BE (Alb) ), (4) changes in lactate concentration (=BE (Lac) ), and (5) an accumulation of unmeasured anions (=BE (UMA) ). (Any change in BE not caused by changes in free water, chloride, albumin or lactate is attributed to unmeasured anions. Unmeasured anions, for example, accumulate in renal insufficiency or if there is ketone body excess).
The calculation of the BE subsets and a detailed description of the physico-chemical acid-base analysis is given in the Appendix.
Statistical analysis
Within-group means and standard deviations were used to summarize variables. Student's t-tests were used to test for difference between non-pregnant-and healthy pregnant volunteers, and, as a separate test, to evaluate a difference between women with severe preeclampsia and healthy pregnant women. Additional Student's t-tests were performed to compare data from patients with early vs late onset preeclampsia, and to evaluate a potential association between acid-base parameters and clinical disease features, CTG findings, and delivery outcome.
In order to explore whether results could be related to i.v. magnesium sulphate administered, acid-base variables were compared between women receiving magnesium sulphate before (n=37) and after (n=13) the blood draw, and an analysis of covariance was used to compare groups while controlling for measures of disease severity (blood pressure, symptoms of imminent eclampsia or >3+ proteinuria on urine dipstick). χ 2 tests were used to test for between-group differences in ethnicity distribution. In order to adjust for multiple testing, an α-value of 0.05 was divided by the number of parameters compared (n=44) and the P-value for statistical significance was adjusted to P<0.001.
Sample size calculation Sample size was based on the observation in a pilot sample of 25 venous blood specimens in women with severe preeclampsia of mean venous BE (Alb) =+4. Fig. 2 for detailed analysis). There was no difference in BE (Na) , BE (Lac) , and BE (uma) . Calculations of SIDa, SIDe and SIG suggest that preeclampsia is a state of a hypoalbuminaemic alkalosis compared with normal pregnancy (P<0.001), and an acidosis secondary to an increase in SIG (P<0.001). The apparent strong ion difference (SIDa) remained unchanged ( Table 1, Fig. 3 ).
No differences were found in acid-base parameters when comparing early vs late onset disease. All laboratory values were within normal range in preeclamptic women, except for a decrease in mean albumin level and an increase in uric acid and magnesium (Table 2) . BE (Alb) measured in women with severe preeclampsia that developed a category II or III fetal heart tracing within 24 h of diagnosis, was higher than in women with a category I tracing (BE (Alb) 4 (Cl) with any of the features of preeclampsia, such as: arterial blood pressure, proteinuria (dipstick), visual disturbances or eclamptic seizure. Plasma albumin level or proteinuria (dipstick) did not correlate with any clinical disease symptom.
In 13 women, blood samples were drawn before-, and in 37 women after the administration of magnesium sulphate. Women receiving magnesium sulphate before blood draw were younger, of earlier gestational age, more likely nulliparous, had a higher mean arterial blood pressure, and a higher likelihood of presenting with features of severe disease. A comparison of these 2 subgroups showed differences in PvCO 2 , HCO 3 À , SIDe, SIG and BE (Alb) . After controlling for disease severity, there were no significant differences between these parameters.
Healthy pregnancy was associated with a decrease in PvCO 2 and net BE compared with non-pregnant controls (P<0.001, Table 1 , Fig. 2 ). Quantitative analysis revealed a respiratory and hypoalbuminaemic alkalosis that was metabolically offset by an acidosis secondary to unmeasured anions (BE (UMA) −2.8 [2.7] mEq/L) and dilutional acidosis (BE (Na+) −1.2 [0.5] mEq/L). BE (Lac) was less than in non-pregnant women, but within the normal range (BE (Lac) =−0.4 [0.4] mEq/L). Analysis based on Stewart's equations similarly showed pregnancy to be a state of alkalosis secondary to a decrease in PvCO 2 and plasma albumin, compensated by the acidotic effect of a decreased apparent strong ion difference (SIDa), P<0.001) and a significant increase in the strong ion gap (SIG), P<0.001). No correlation between gestational-or patient age or any metabolic acid-base parameter was observed. Non-urgent delivery (n=14) University of Cape Town. Among women with early onset preeclampsia (<34 weeks), 17 delivered within 24 h of diagnosis, out of which 12 required an urgent Caesarean delivery, 2 had a non-urgent Caesarean delivery, and 3 had an induction of labour for termination of pregnancy. Expectant management was successful in 8 women, with an average delivery time of 5 days after admission, before which a second blood sample was drawn in 6 women (2 blood samples were missed in women urgently delivering at night). In women with late onset preeclampsia, 11 underwent an urgent Caesarean delivery within 24 h of diagnosis, for either Category III fetal heart rate tracing or worsening maternal symptoms. The remaining 14 women underwent induction of labour and delivered either vaginally or by non-urgent Caesarean delivery.
In both control groups, healthy non-pregnant and healthy pregnant volunteers, all mean standard laboratory parameters were within normal reference range as defined by the UCT laboratory. Laboratory parameters in healthy pregnant women reflected physiologic plasma volume expansion associated with pregnancy and were (except for uric acid, K+, AST and PO 4 À ), less than in non-pregnant controls ( Table 2) .
Discussion
The approach developed by Stewart and Gilfix for the analysis of acid/base status has provided new insights into acid/base physiology in a variety of clinical settings. 15 21 26 27 We provide here a comprehensive analysis of acid/base status in severe preeclampsia, compared with healthy pregnancy and the non-pregnant state. While acid/base status, and in particular the absolute value of base excess, in severe preeclampsia seems to be similar to that in healthy pregnant women, the opposing contributors to the base excess appear larger than in healthy pregnancy. In addition, our findings indicate that the degree of alkalosis secondary to BE (alb) or decreased serum albumin may be a biological predictor to identify severity of preeclampsia, and potentially which women have fetal compromise requiring urgent Caesarean delivery.
Our findings are consistent with previous studies reporting similar values of pH, pCO 2 and BE in women with severe preeclampsia. 28 29 More recently, a decrease in anion gap secondary to changes in sodium and chloride concentrations has been demonstrated in women with severe preeclampsia. 10 11 We found a similar change in electrolyte levels, but as we also observed a healthy non-pregnant volunteers (n=25), healthy pregnant volunteers (n=46), and women diagnosed with severe preeclampsia (n=50). In healthy pregnancy SID, Albumin, HCO3 À , was less and strong ion gap (SIG) higher than in non-pregnant women. In preeclampsia, albumin concentration was lower and SIG was higher as compared with healthy pregnant women.
decrease in HCO 3 À of 1 mEq/L, the AG remained unchanged in our cohort. The mild decrease in HCO 3 À mirrors the decrease in P 2 observed in preeclamptic women, which may be interpreted as a respiratory compensation for metabolic acidosis associated with the disease. Calculating the components contributing to BE, patients with severe preeclampsia were found to have significant hypoalbuminaemic alkalosis in combination with hyperchloraemic acidosis. Therefore, we were able to demonstrate that despite a relatively unchanged overall BE in preeclampsia, there are significantly greater opposing contributing factors to this value. Whether the compensation of hypoalbuminaemic alkalosis by hyperchloraemic acidosis should be interpreted as a complex compensation of disorders implying a pathophysiological connection, remains to be further investigated. Similarly to the healthy pregnant cohort, a significant acidosis secondary to unmeasured anions (BE (UMA) =−3.3 mEq/L) was found in preeclampsia, and both approaches, Stewart's and Gilfix', indicate greater acidosis in preeclampsia. As a secondary outcome, we found that decreased serum albumin and increased BE (Alb) was associated with abnormal cardiotocography and might possibly indicate a need for emergency Caesarean delivery 24 h after diagnosis. As these findings were not primary outcomes, these associations must be interpreted with caution. Nevertheless, our observations are in keeping with the notion that low serum albumin level is associated with adverse outcome in preeclampsia. 30 Future research
will show to what extent BE(alb) may add discrimination when compared with serum albumin levels. Our findings confirm that healthy pregnancy is a state of chronic respiratory alkalosis with partial metabolic compensation, and we also identify for the first time a significant accumulation of unmeasured anions. Acid-base status in healthy pregnancy results from physiological changes occurring at an early gestational age and reaching a steady state at the end of the 1st trimester. 31 We assessed acid/base status in women during 2nd and 3rd trimester of pregnancy and found decreases in electrolyte-, albumin-, P 2 -, SBE-and HCO 3 À levels, as described in previous studies on acid-base balance in pregnancy. 32 In addition, we analysed the components determining BE and quantified the effect of changes in albumin, sodium and chloride levels. We confirmed significant hypoalbuminaemic alkalosis and found, in comparison with non-pregnant women, dilutional acidosis. However, the negative BE (Na) and BE (Cl) did not sufficiently compensate for the increase in BE (Alb) to explain the overall decrease in BE. Therefore, there seems to be a significant component of unmeasured anions. This is also shown by the increase in SIG, which partly offsets the decrease in P 2 and weak acids. As with other patient groups, such as ICU patients, the exact source of these unmeasured anions remains unknown.
One can hypothesize that these may be as a result of accumulation of Kreb's Cycle components or fixed acids from the uteroplacental metabolism, which have both been described in previous Acid-base status in severe preeclampsia | 281 studies to accumulate in pregnancy. [32] [33] [34] As the accumulation of unmeasured anions has been associated with negative outcome in other clinical settings, 6 8 33 further studies are needed to elucidate the true origin and physiologic range of this component. We recognize the limitations of our study. Non-pregnant controls differed in patient weight, age and ethnicity from healthy pregnant controls and patients with severe preeclampsia. However, these patient characteristic parameters have, to our knowledge, no impact on acid/base physiology, and the obtained laboratory acid/base values were within normal limits and the expected range. In addition, the administration of magnesium sulphate might have contributed to unmeasured anions. However, as in previous studies, 35 comparing BE (UMA) between preeclamptic women and healthy pregnant volunteers, no difference in BE (UMA) could be found. Nevertheless, the role of magnesium sulphate should be clarified in future studies, by measuring sulphate concentrations that can be measured in clinical chemistry laboratories, but are not measured routinely.
There is an ongoing debate as to whether early-and late onset preeclampsia should be seen as two different entities. 36 However we decided to evaluate all preeclamptic women as a single group, as acid/base status was similar regardless of gestational age on presentation. Another limitation is that while we have used the most widely applied approach to estimating the acid-base effect of albumin, this is an area of continuing advances and the accepted approach to estimating the acid-base variables may change over time.
In conclusion, this study provides a comprehensive analysis of acid/base status in severe preeclampsia, compared with healthy pregnancy and the non-pregnant state. Healthy pregnancy is associated with a significant accumulation of unmeasured anions. While acid/base status, in particular the base excess, in severe preeclampsia appears to be similar to that in healthy pregnant women, there is in fact a greater offsetting balance of hypoalbuminaemic alkalosis and hyperchloraemic acidosis. These contributors to the base excess may be more important markers of disease severity than its absolute value. In addition, our findings indicate that either increased BE (Alb) or a decreased serum albumin level may be a biological predictor that could be used in the future to identify preeclamptic women at increased risk for fetal compromise and urgent Caesarean delivery.
